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Introduction
Allogeneic hematopoietic stem cell transplantation (HSCT) is a potentially curative therapy for patients with various hematologic malignancies, immune deficiencies, and bone marrow failure syndromes. However, despite improved conditioning regimens, immunosuppressive therapies, and supportive care, chronic graft-versus-host disease (GVHD) remains a major complication of allogeneic HSCT and is the leading cause of long-term morbidity and mortality (1, 2) . Advances in our understanding of chronic GVHD have established that both T and B cells, interacting in a highly complex network, contribute to tissue injury and the varied clinical manifestations of chronic GVHD (3, 4) . Therapeutic approaches have relied primarily on broadly immune suppressive agents, with corticosteroids being the most effective standard therapy. B cell-directed therapies can also be effective but these also result in prolonged B cell depletion (5, 6) . CD4 + regulatory T cells (CD4Tregs), defined by expression of CD25 and FoxP3, play an indispensable role in the maintenance of self-tolerance and immune homeostasis (7, 8) . Following allogeneic HSCT, thymic generation of CD4Tregs is markedly impaired and reconstitution of this critical T cell population is primarily driven by proliferation and expansion of mature memory CD4Tregs (9) . Following transplant, rapidly proliferating CD4Tregs also exhibit increased susceptibility to Fas-mediated apoptosis (10) and increased mitochondrial apoptotic priming (11) . Short telomeres and low levels of telomerase activity also contribute to reduced survival of CD4Tregs in vivo (12) . Since these factors do not affect other T cell populations to the same extent, these factors all contribute to a relative deficiency of CD4Tregs compared with effector T cells and the subsequent development of chronic GVHD (9, 10).
CD4
+ regulatory T cells (CD4Tregs) play a critical role in the maintenance of immune tolerance and prevention of chronic graft-versus-host disease (GVHD) after allogeneic hematopoietic stem cell transplantation. IL-2 supports the proliferation and survival of CD4Tregs and previous studies have demonstrated that IL-2 induces selective expansion of CD4Tregs and improves clinical manifestations of chronic GVHD. However, mechanisms for selective activation of CD4Tregs and the effects of low-dose IL-2 on other immune cells are not well understood. -NK cells was also demonstrated in patients with chronic GVHD receiving low-dose IL-2. With prolonged IL-2 treatment for 48 weeks, phenotypic changes were also observed in Helios -CD4Tregs. The effects of low-dose IL-2 therapy on conventional CD4 + T cells and CD8 + T cells were limited to increased expression of PD-1 on effector memory T cells. These studies reveal the selective effects of low-dose IL-2 therapy on Helios + CD4Tregs and CD56 bright NK cells that constitutively express high-affinity IL-2 receptors as well as the indirect effects of prolonged exposure to low concentrations of IL-2 in vivo.
To understand the functional heterogeneity of CD4Tregs and better define the differentiation of these cells in vivo, previous studies have examined expression of various cell surface and intracellular markers including CD45RA, HLA-DR, CD62L, FoxP3, RUNX, and Helios (13) (14) (15) (16) (17) (18) . Helios is an Ikaros-family transcription factor that was initially thought to be a marker of thymus-derived or natural CD4Tregs (18) . However, other studies have shown that Helios is also expressed by induced CD4Tregs and that Helios expression is associated with activation, proliferation, and suppressive capacity of CD4Tregs (19) (20) (21) (22) (23) . Taken together, these studies have established the considerable phenotypic and functional heterogeneity of CD4Tregs and provide a framework in which to further characterize the functional role of distinct CD4Treg subsets in disease settings and in response to therapeutic interventions.
IL-2 plays a critical role in the development, proliferation, functional activity, and survival of CD4Tregs (24) (25) (26) (27) . In contrast with effector T cells, CD4Tregs constitutively express high levels of CD25, forming a high-affinity receptor for IL-2. Since CD4Tregs cannot produce IL-2, these cells are inherently dependent on exogenous sources, predominantly activated effector T cells, for this critical homeostatic factor (28) . However, because CD4Tregs express a high-affinity receptor, these cells respond to low concentrations of IL-2. Taking advantage of the sensitivity of CD4Tregs to IL-2, we have shown that daily administration of low-dose IL-2 in patients with active chronic GVHD results in sustained expansion of CD4Tregs without a significant increase in conventional CD4 + T cells (CD4Tcons) or CD8 + T cells and clinical improvement in more than 50% of patients with chronic GVHD (29, 30) . Clinical trials at other centers have shown the selective effect of low-dose IL-2 therapy on CD4Tregs in healthy individuals, patients with hepatitis C virus-induced vasculitis, type 1 diabetes, acute GVHD, alopecia areata, and systemic lupus erythematosus (31) (32) (33) (34) (35) (36) . Laboratory studies have examined the mechanisms underlying the effects of IL-2 on CD4Tregs (37-39), but the effects of low-dose IL-2 on heterogeneous CD4Treg subsets and other lymphocyte populations remain poorly defined.
In the present study, we applied single-cell mass cytometry to dissect the effects of IL-2 on CD4Tregs, CD4Tcons, CD8 + T cells, NK cells, and B cells in vitro. Mass cytometry allowed us to simultaneously measure expression of 33 proteins with single-cell resolution in multiple phenotypically and functionally defined subsets within each major lymphocyte population (40) (41) (42) . Since our panel included markers of different cell signaling pathways as well as functional proteins and cell surface proteins, we were able to track intracellular signaling in response to IL-2 in each cellular subset. Finally, by comparing results of IL-2 stimulation in vitro with analysis of samples obtained from patients receiving low-dose IL-2 therapy, we were able to demonstrate that the therapeutic administration of exogenous low-dose IL-2 closely mirrored the effects of short-term stimulation with low concentrations of IL-2 in vitro. Thus, daily IL-2 therapy resulted in the selective activation and expansion of distinct subsets of Helios + CD4Tregs and CD56 bright CD16 -NK cells without activation of CD4Tcons or CD8 + T cells. With continued daily IL-2 treatment, these functional effects were maintained for prolonged periods up to 48 weeks.
Results
Definition of lymphocyte subsets in peripheral blood. Mass cytometry allowed us to simultaneously quantify expression of a large number of key functional markers in well-defined functional subsets of T, B, and NK cells in normal peripheral blood (Supplemental Table 1 ; supplemental material available online with this article; doi:10.1172/jci.insight.89278DS1). Major peripheral blood mononuclear cell (PBMC) subsets were first identified by 2-dimensional gating ( Figure 1A ). Lymphocytes were identified by expression of CD45 and within this gate, major PBMC subsets were identified as follows: CD4Tcon, CD3 . We then applied the t-distributed stochastic neighbor embedding algorithm (viSNE) to visualize high-dimensional cytometry data on a 2-dimensional map at single-cell resolution (43) and characterized each of the major PBMC subsets. Figure 1B shows a representative viSNE map of CD4Tregs. Based on expression of CD45RA, CD4Tregs were subdivided into naive (CD45RA + ) and memory (CD45RA -) subsets. Helios, a marker of CD4Treg functional activity, was used to further characterize naive and memory CD4Tregs (21, 22 (5, 47, 48) .
Restricted expression of functional proteins in lymphocyte subsets. To further characterize the lymphocyte subsets identified in viSNE, we analyzed expression of several important functional proteins in each major lymphocyte population in normal PBMCs. Figure 2A shows representative expression patterns of these proteins in each T cell population. Notably, these proteins were not uniformly expressed within the major T cell populations. Instead, expression was often segregated within specific subsets. For example, FoxP3 and CD25 expression was highest in Helios + memory CD4Tregs and low-level CD25 expression was restricted to central and effector memory CD4Tcons. CD127 expression was highest in effector memory CD4Tcons, moderate in central memory CD4Tcons, low in naive CD4Tcons and naive CD8 + T cells, and very low in TEMRA CD8 + T cells. Expression of CD95 was primarily limited to memory subsets but was highest in Helios + memory CD4Tregs. BCL2 was expressed at relatively high levels in most CD4Tregs and CD4Tcons, but within CD8 + T cells, BCL2 was only expressed at high levels in naive cells. The MHC class II protein HLA-DR is a known marker of T cell activation. Within the CD4Treg popula- Figure 2C shows representative expression of key proteins in B cell subsets. As expected, CD27 was expressed at high levels in memory B cells and plasmablasts. B cell-activating factor receptor (BAFF-R) was expressed at high levels in all B cell subsets except for plasmablasts. Expression of CD95 was relatively low in B cells compared with T cells, but its low-level expression in memory B cells and plasmablasts appears to mirror expression of CD27. BCL2 expression was high in memory B cells and low in transitional B cells and plasmablasts. BIM was expressed at higher levels in memory B cells and plasmablasts compared with naive and transitional B cells. As shown by viSNE, each B cell subset expressed a different pattern of these functional molecules, with the most distinctive pattern being in the plasmablast subset that expressed high levels of CD27, BIM, and CD95, with low levels of BCL2 and BAFF-R, suggest- ing that plasmablasts are more highly susceptible to apoptosis than other B cell subsets. Taken together, this comprehensive single-cell platform provides an unprecedented analysis of all major lymphocyte populations and allows the comparison of functional markers within well-defined subsets within each major population.
Constitutive activation of signaling proteins in resting lymphocytes. Our mass cytometry marker panel included 5 antibodies specific for phosphorylated intracellular proteins involved in different cell signaling pathways and viSNE allowed us to assess the baseline levels of each of these phosphoproteins as a measure of constitutive signaling pathway activity in each lymphocyte subset. Figure 3 shows viSNE maps from the same healthy donor shown in Figures 1 and 2 . These results are representative of 5 healthy donors. Levels of phospho-STAT5 (p-STAT5) were higher in CD4Tregs than in other T cells at baseline. In CD4Tcons and CD8 + T cells, naive subsets expressed higher levels of p-STAT3 compared with memory subsets. In contrast, p-AKT was expressed at higher levels in memory CD4Tcon and CD8 + T cell subsets compared with naive subsets. Expression of p-S6 and p-ERK was not detected in any resting T cell populations. Within resting NK cells, low levels of p-STAT5 and p-AKT were detected in the major CD56 dim CD16
+ subset. When compared with T and NK cells, resting B cells exhibited relatively high levels of several signaling proteins including p-STAT3, p-AKT, p-S6, and p-ERK. Expression of p-AKT, p-S6, and p-ERK was highest in naive and transitional B cells and lowest in plasmablasts.
IL-2 concentration-dependent activation of T and NK cell subsets in vitro.
Ligand activation of the IL-2 receptor is known to induce phosphorylation of JAK1 and JAK3, leading to phosphorylation of STAT5 (50-52). We previously reported that low concentrations of IL-2 preferentially activate STAT5 in CD4Tregs compared with CD4Tcons (37). However, to the best of our knowledge the differential effects of IL-2 on various lymphocyte subsets or other signaling pathways have not been examined. To compare the response of each lymphocyte population to IL-2, we stimulated PBMCs from healthy donors with various concentrations of IL-2 for 15 minutes in vitro and simultaneously evaluated the expression of signaling proteins by mass cytometry ( Figure 4 ). As expected, low IL-2 concentrations (1 to 10 IU/ml), preferentially induced p-STAT5 in CD4Tregs. At these low concentrations, p-STAT5 was activated more strongly in Helios + memory and Helios + naive CD4Tregs, compared with Helios -CD4Treg subsets. At high IL-2 concentrations (100 to 1,000 IU/ml), p-STAT5 was activated in all CD4Treg subsets. Within CD4Tcons, high IL-2 concentrations (100 to 1,000 IU/ml) were required to induce p-STAT5 activation and this preferentially occurred in central memory and effector memory subsets. Within CD8 + T cells, very high IL-2 concentrations (≥1,000 IU/ml) were required to induce p-STAT5 and both naive and memory subsets were strongly activated.
Within NK cells, p-STAT5 was detected in the CD56 bright CD16 -subset after stimulation with a relatively low IL-2 concentration (10 IU/ml), but the level of activation was lower than in CD4Tregs. At high IL-2 concentrations (100 to 1,000 IU/ml), p-STAT5 was also activated in the major CD56 Table 2 .
Stimulation with IL-2 induced relatively little activation of other signaling pathways (Supplemental Figures 1-4) . IL-2-induced p-STAT3 expression was not detected in any lymphocyte population except CD56 bright CD16
-NK cells (Supplemental Figure 1) . In control experiments, IL-6 induced p-STAT3 expression in naive T cell subsets (data not shown). IL-2 induced p-AKT and p-ERK expression in CD56 bright CD16 -NK cells at a relatively high concentration (100 IU/ml) (Supplemental Figures 2 and 3) . At a very high IL-2 concentration (1,000 IU/ml), p-AKT was activated in all NK cell subsets (Supplemental Figure 2) . Minimal p-S6 activation was detected in CD56 bright CD16
-NK cells at a very high IL-2 concentration (1,000 IU/ml), but IL-2 did not induce p-S6 in any T cell population (Supplemental Figure 4) . Activated p-S6 was present at high levels in naive and transitional B cells, but expression was not altered by IL-2 stimulation (Supplemental Figure  4) . Table 3 . Statistical comparisons with pretreatment values are also provided in Supplemental Table 3 . Pre, before IL-2 therapy; Post, 4 weeks after stopping IL-2 therapy.
weeks, followed by a 4-week hiatus. Eight of these patients noted clinical improvement during the initial 12-week treatment period and elected to restart daily IL-2 therapy at the same dose at 16 weeks. Extended daily IL-2 therapy was continued for at least 48 weeks. Clinical characteristics of these patients are summarized in Table 1 . We first analyzed changes in the proportion of each lymphocyte population during the first 12 weeks of low-dose IL-2 therapy. Contour plots of viSNE maps focusing on CD4 + T cells from 1 representative patient are shown in Figure 5A . Prior to IL-2 therapy, patients with active chronic GVHD have characteristically low numbers of CD4Tregs. Selective expansion of CD4Tregs was evident after 1 week of treatment. CD4Treg expansion stabilized at 4 weeks and remained elevated at the end of therapy (12 weeks). Four weeks after stopping IL-2 (16 weeks), CD4Treg levels returned to baseline levels. Changes in the proportion of CD4Tregs and CD4Tcons for all 14 patients during low-dose IL-2 are summarized in Figure 5B . The proportion of CD4Tregs peaked 2 weeks after starting low-dose IL-2 and remained elevated during the entire 12-week course of therapy. CD4Treg levels returned to baseline 4 weeks after stopping IL-2.
Applying viSNE to characterize CD4Treg subsets, the expansion of CD4Tregs during low-dose IL-2 therapy was primarily evident in Helios + subsets ( Figure 5C ). Changes in CD4Treg subsets from all patients are summarized in Figure 5D . Within both naive and memory CD4Tregs, the proportion of Helios + cells increased during low-dose IL-2 therapy, while the overall proportions of naive and memory CD4Tregs remained stable. As shown in Figure 5 , E and F, selective expansion of CD56 bright
CD16
-NK cells also occurred during low-dose IL-2 therapy and returned to baseline after IL-2 therapy was stopped. In contrast, no changes were noted in CD4Tcon, CD8 + T cell, or B cell subsets during the 12-week period of low-dose IL-2 therapy (Supplemental Figure 5, A-C) .
Effects of low-dose IL-2 therapy on expression of functional proteins. Mass cytometry allowed us to track expression of several important functional proteins in peripheral lymphocytes during low-dose IL-2 therapy. As shown in Figure 6 , most changes during low-dose IL-2 therapy occurred in CD4Tregs and CD56 bright CD16 -NK cells. Consistent with in vitro studies, p-STAT5 was selectively activated in CD4Tregs, but we did not detect increased expression of p-STAT5 in NK cells. The expression of p-STAT5 in CD4Tregs peaked 1 week after IL-2 therapy began ( Figure 6A ). CD4Treg p-STAT5 expression decreased after 2 weeks but remained higher than baseline for the duration of therapy (P = 0.0001 at 12 weeks). Expression of FoxP3, CD95, CTLA4, and HLA-DR also increased in CD4Tregs, with peak levels occurring 1 week after starting IL-2 ( Figure 6 , B-E). Although expression of these proteins gradually declined as IL-2 therapy continued, expression levels remained higher than baseline after 12 weeks of daily treatment (P ≤ 0.0002). As shown in Figure 6F , a dramatic increase in proliferation of CD4Tregs and CD56 bright CD16
-NK cells was also observed 1 week after starting IL-2. Proliferation of these cells rapidly returned to baseline levels after 4 Table 4 .
weeks despite continued daily IL-2 therapy. Changes in expression of antiapoptotic BCL2 and proapoptotic BIM proteins were also restricted to CD4Tregs ( Figure 6 , G and H). Expression of both BCL2 and BIM decreased 1 week after starting IL-2 but recovered to baseline levels at 2 weeks. Subsequently, expression of BCL2 and BIM gradually increased with peak levels occurring 8 weeks after starting IL-2. Expression of PD1 also increased in CD4Tregs during IL-2 therapy, with peak expression occurring 2 weeks after starting treatment ( Figure 6I ). PD1 was also the only marker in our panel whose expression increased in CD4Tcons and CD8 + T cells during IL-2 therapy. Finally, IL-2 therapy also appeared to induce expression of CTLA4 in the NK cell population.
Helios + CD4Treg subsets preferentially respond to low-dose IL-2 in vivo. Using viSNE, we were able to further define the effects of IL-2 therapy on CD4Treg subsets in vivo. Figure 7 shows serial viSNE maps of CD4Tregs from a representative patient as well as a summary of changes in protein expression in each CD4Treg subset from all 14 patients. Consistent with results of in vitro stimulation, p-STAT5 was preferentially activated in Helios + naive and memory CD4Treg subsets during low-dose IL-2 (Helios + versus Helios -naive Tregs at 1 week, P = 0.0002; Helios + versus Helios -memory Tregs at 1 week, P = 0.0001) ( Figure 7A) . Similarly, expression of FoxP3, HLA-DR, Ki67, CD25, and BIM increased primarily in Helios + CD4Treg subsets ( Figure 7 , B, E-G, and I). Expression of CD95, CTLA4, and PD-1 increased in Helios -memory as well as Helios + CD4Treg subsets. In contrast, BCL2 expression increased preferentially in naive CD4Tregs, including both Helios + and Helios -subsets ( Figure 7J ). The only marker in A Immunosuppressive therapy at baseline. ALL, acute lymphoblastic leukemia; AML, acute myeloid leukemia; CLL, chronic lymphocytic leukemia; GVHD, graftversus-host disease; HSCT, hematopoietic stem cell transplantation; MDS, myelodysplastic syndromes; MMF, mycophenolate mofetil; NHL, non-Hodgkin lymphoma; PBSC, peripheral blood stem cell.
our panel with decreased expression in CD4Tregs during IL-2 therapy was CD127 ( Figure 7K ). Figure 8A demonstrated that increased proliferation primarily occurred in CD56 bright CD16
Effects of low-dose IL-2 therapy on NK cell, CD4Tcon, and CD8 + T cell subsets. Our analyses of major lymphocyte populations during low-dose IL-2 therapy demonstrated upregulation of Ki67 and CTLA4 in NK cells and increased expression of PD-1 in CD4Tcons and CD8 + T cells. More detailed analysis shown in
-NK cells, peaking at 1 week after starting IL-2 therapy and then declining. A similar pattern of increased proliferation was also detected in the major population of CD56 dim
CD16
-NK cells, albeit at lower levels. While analysis of the entire NK cell population demonstrated increased expression of CTLA4, more detailed analysis in Figure 8B showed that the CD56 bright
-NK cell subset constitutively expressed high levels of CTLA4. High-level expression of CTLA4 in this subset did not change during IL-2 therapy, but the selective expansion of CD56 bright
-NK cells led to the measured increase in CTLA4 expression when the entire NK cell population was considered. Detailed analysis of PD-1 expression in CD4Tcons and CD8 + T cell subsets revealed that increased expression of PD-1 was most evident in effector memory CD4Tcons and effector memory CD8 + T cells (baseline versus 1 week, P = 0.0023 and P = 0.018, respectively) ( Figure 8 , C and D). Although small numbers of FoxP3 + cells were detected within CD4Tcon and CD8 + T cells, there was Table 5 . Statistical comparisons with pretreatment values are also provided in Supplemental Table 5 . Pre, before IL-2 therapy; Post, 4 weeks after stopping IL-2 therapy.
no increase in FoxP3 expression in these populations during IL-2 therapy.
Sustained effects of extended low-dose IL-2 therapy on CD4Tregs in vivo.
To examine the immunologic effects of extended IL-2 therapy on CD4Tregs, we examined PBMCs from 8 patients who received continuous treatment for at least 48 weeks. The clinical characteristics of these patients are summarized in Supplemental Table 1 . In Figure 9 , protein expression in CD4Treg subsets measured after 48 weeks of daily low-dose IL-2 is compared with mass cytometry measurements obtained at the end of the initial 12-week IL-2 regimen and 4 weeks after discontinuation of IL-2 (16 weeks). p-STAT5 levels decreased 4 weeks after stopping IL-2, but p-STAT5 levels increased when IL-2 was restarted and remained elevated with extended therapy 48 weeks later ( Figure 9A ). Similar to the initial course of IL-2 therapy, p-STAT5 was preferentially increased in Helios + CD4Treg subsets during extended therapy. As shown in Figure 9 , B-F, expression of other proteins that increased during the initial 12-week treatment period (FoxP3, CD95, CTLA4, CD25, and BCL2) decreased when IL-2 was stopped and increased when IL-2 was restarted. For each of these functionally important proteins, increased expression levels were sustained after 48 weeks of daily IL-2 therapy and their relative expression within different CD4Treg subsets remained stable. For example, expression of FoxP3 and CD25 was preferentially increased in Helios + CD4Treg subsets. Expression of Table 6 . Statistical comparisons with pretreatment values are also provided in Supplemental Table 6 . Pre, before IL-2 therapy; Post, 4 weeks after stopping IL-2 therapy.
CD95 and CTLA4 increased more in Helios
-memory CD4Treg as well as Helios + naive and memory CD4Treg subsets compared with Helios -naive CD4Tregs. In contrast, BCL2 expression increased preferentially in naive CD4Tregs and changes in BIM expression were not significant ( Figure 9G ). Although Ki67 expression increased 1 week after starting IL-2, expression was not increased relative to baseline at 12 weeks and there was no significant increase at 48 weeks (data not shown). In contrast with other proteins shown in Figure 9 , CD127 (IL-7 receptor) expression in CD4Tregs increased 4 weeks after discontinuation of IL-2 ( Figure 9H ). CD127 expression decreased during extended therapy, although this change was only statistically significant in Helios + CD4Treg subsets. PD-1 expression did not change significantly during extended IL-2 therapy except for a significant increase in Helios + naive CD4Tregs ( Figure 9I ).
Discussion
While previous studies have described expression of various functional proteins in different lymphocyte populations, the use of mass cytometry combined with machine learning techniques such as viSNE allowed us to undertake a comprehensive and simultaneous assessment of expression of 33 phenotypic and functional markers in all major lymphocyte subsets at single-cell resolution (43, 53) . Application of this marker panel following in vitro stimulation with IL-2 for 15 minutes was used to monitor direct activation of different signaling pathways in each well-defined lymphocyte subset and to correlate signaling activity with expression of functional intracellular proteins as well as surface cytokine receptors. Comparison of a wide range of IL-2 concentrations subsequently identified specific subsets of T cells and NK cells that respond to either physiologic or supraphysiologic concentrations of this important immune cytokine. Finally, examination of serial samples obtained from patients receiving daily low-dose IL-2 therapy for almost 1 year allowed us to compare the results of prolonged administration of exogenous cytokine at physiologic doses with the effects observed following short-term activation in vitro. The IL-2 receptor is comprised of 3 distinct components, each encoded by different genes and subject to different regulatory mechanisms. IL-2Rβ (CD122) and IL-2Rγ (CD132) are constitutively expressed on all T cells and NK cells and the intracellular domains of these components are responsible for all receptormediated signaling activity. However, when expressed individually, IL-2Rβ and IL-2Rγ exhibit low affinity Table 7 .
for IL-2 and when expressed together exhibit moderate binding affinity for IL-2. Constitutive expression of IL-2Rα (CD25) is limited to CD4Tregs and CD56 bright NK cells, but expression of IL-2Rα by CD4Tcons and CD8 + T cells is rapidly induced following T cell receptor (TCR) activation. IL-2Rα has no signaling function, but expression of IL-2Rα in conjunction with IL-2Rβ and IL-2Rγ creates a high-affinity trimeric receptor that is capable of responding to low concentrations of IL-2 (54). Our studies demonstrate that constitutive expression of CD25 is restricted to CD4Tregs and CD56 bright NK cells and only these populations exhibit signaling activity in response to low concentrations of IL-2. Moreover, within the CD4Treg population, CD25 is expressed at relatively high levels in those cells that express the Helios transcription factor. Both memory and naive CD4Tregs that express Helios can be activated by very low concentrations of IL-2 (1-10 IU/ml). Within CD4Tregs, Helios expression correlates with high expression of FoxP3 and appears to be a marker of the most functionally active or primed subset of CD4Tregs (20, 23) . Nevertheless, as IL-2 concentrations increase (10-100 IU/ml), all CD4Tregs are activated. This is consistent with the constitutive expression of high-affinity IL-2Rαβγ on all CD4Tregs. Lacking constitutive expression of CD25, CD4Tcons and CD8 + T cells are not activated at low concentrations of IL-2. However, CD4Tcons and CD8 + T cells express both IL-2Rβ and IL-2Rγ, and IL-2-mediated signaling can be achieved with higher ligand concentrations (100-1,000 IU/ml). Within CD4Tcons, naive cells appear to be relatively resistant to activation, even at very high ligand concentrations. In contrast, all CD8 + T cell subsets are equally activated in response to supraphysiologic concentrations of IL-2. Within all T cell populations, IL-2 signaling appears to be primarily mediated through phosphorylation of STAT5 and we found no activation of STAT3, ERK, AKT, or S6 kinase, even at very high concentrations of IL-2.
Within the NK cell population, cells that express the highest levels of CD56 (CD56 bright CD16 -) represent a relatively small but discrete subset that exhibits high levels of immune regulatory activity and relatively low levels of cytolytic activity (55) . These cells also express CD25 and respond to low concentrations of IL-2 (10 IU/ml). In contrast, the majority of NK cells (CD56 dim CD16 + ) express only IL-2Rβγ and therefore higher concentrations of IL-2 (100-1,000 IU/ml) are required to induce activation of these cells. The small NK cell subset that expresses low levels of CD56 without coexpression of CD16 (CD56   dim   CD16 -) are relatively resistant to high concentrations of IL-2, suggesting that these cells do not express IL-2Rβγ. Like T cells, signaling in NK cells was restricted to STAT5 at low IL-2 concentrations but other pathways (AKT and ERK) were activated at high concentrations of IL-2.
The effects of daily administration of low-dose IL-2 in patients with chronic GVHD closely mirrored the effects of short-term in vitro stimulation of PBMCs with low concentrations of IL-2. Increased proliferation of CD4Tregs was noted 1 week after starting IL-2 treatment and this was associated with selective activation of p-STAT5 in these cells in vivo. STAT3, ERK, AKT, and S6 kinase were not activated in vivo during IL-2 therapy. Activated CD4Tregs rapidly expressed higher levels of FoxP3, CD95, CTLA4, and HLA-DR. CD4Treg expression of PD-1, BCL2, and BIM increased more slowly, with peak expression occurring 2-8 weeks after starting IL-2. Detailed analysis of CD4Treg subsets revealed that these phenotypic changes occurred primarily in Helios + CD4Tregs. Increased expression of CD95, CTLA4, and PD-1 was also detected in Helios -memory CD4Tregs, but the expansion of CD4Tregs during 12 weeks of IL-2 therapy was primarily due to selective expansion of Helios + CD4Tregs, including naive as well as memory CD4Tregs. Proliferation of CD4Tregs and increased expression of HLA-DR returned to baseline levels 2-3 weeks after starting IL-2, but increased expression of other functional markers persisted for the entire 12-week period of daily IL-2 therapy. When IL-2 therapy was stopped, the population of Helios + CD4Tregs contracted and expression of p-STAT5, FoxP3, CD95, CTLA4, BCL2, BIM, and PD-1 reverted to baseline levels. Taken together, these finding are consistent with murine studies demonstrating that Helios, an Ikaros-family transcription factor, acts to support the functional activity of FoxP3 + Tregs (23) . In our studies, expression of Helios specifically identifies human CD4Tregs most capable of responding to low physiologic concentrations of IL-2, regardless of whether these cells have a naive or memory phenotype (20) . These cells are also highly dependent on IL-2 and the marked expansion of Helios + CD4Tregs in vivo was rapidly reversed when IL-2 therapy was stopped. Notably, Helios expression in CD4Tregs did not increase with IL-2 therapy and very few CD4Tcons or CD8 + T cells were found to express Helios. Consistent with the results of short-term in vitro stimulation, expansion of NK cells during low-dose IL-2 therapy was restricted to the relatively small subset of CD56 
CD16
-NK cells represent the major NK cell population in lymph nodes and tonsils where they reside primarily in parafollicular T cell zones (55 (55, 57) . Our studies demonstrate that the proliferation and expansion of these cells in vivo is very responsive to low concentrations of IL-2, but these conditions in vivo are not sufficient to induce widespread activation and release of regulatory cytokines. Thus, the marked expansion of CD56 bright CD16 -NK cells in vivo was well tolerated and not associated with toxicities typically associated with cytokine release. Importantly, the expansion of these cells did not lead to exacerbation of chronic GVHD, which improved in more than 50% of patients (30) . Although the goal of our clinical studies was to enhance tolerance induction through expansion of CD4Tregs, the ability to selectively enhance the immune regulatory functions of NK cells in vivo with low-dose IL-2 may also have clinical utility. In fact, a recent study found that low levels of CD56 bright NK cells were associated with chronic GVHD (58) , and the expansion of these cells in response to IL-2 therapy may well have beneficial consequences in patients with chronic GVHD.
While the most dramatic effects of IL-2 therapy were observed within CD4Treg and NK cell populations, we were particularly interested in whether mass cytometry would allow us to detect activated CD4T-cons or CD8 + T cells that were responsible for mediating alloimmune responses in patients with active chronic GVHD. Since TCR-activated effector T cells express CD25, these cells would also be expected to respond to low concentrations of IL-2 in vivo. Using activation of STAT5 as a sensitive marker of IL-2 activation, we did not observe expression of p-STAT5 in any subset of CD4Tcons or CD8 + T cells during IL-2 therapy. Instead, we found that expression of PD-1 increased in both CD4Tcons and CD8 + T cells. This was most evident 1 week after starting IL-2 and coincided with the peak activation of CD4Tregs. Notably, PD-1 expression in CD4Tcons and CD8 + T cells was restricted to cells within the effector memory subset. Since this was not associated with increased proliferation or activation of p-STAT5, this likely represents an indirect effect demonstrating the suppressive activity of CD4Tregs.
In our phase 2 clinical trial, patients with active chronic GVHD received daily injections of low-dose IL-2 for 12 weeks followed by a mandatory 4-week period without IL-2 treatment. Patients with clinical improvement of chronic GVHD were eligible to restart IL-2 after the 4-week off-treatment period and could continue daily treatment indefinitely. Although CD4Treg levels reverted to baseline 4 weeks after stopping IL-2, CD4Treg levels increased again when IL-2 was restarted and CD4Treg expansion was maintained for the entire duration of extended IL-2 therapy (30) . In the present study, we examined PBMCs from 8 patients who had been on extended IL-2 therapy for 48 weeks. At this late time point, expression of all functional markers of CD4Tregs in our panel was similar to levels that were present at the end of the first 12 weeks of IL-2 therapy. Detailed analysis of CD4Treg subsets after 48 weeks of continuous daily IL-2 treatment revealed that expression of p-STAT5, FoxP3, and CD25 increased most in Helios + CD4Treg subsets, while CD95 and CTLA4 expression increased in Helios -memory CD4Tregs as well as Helios + CD4Tregs. Both CD25 and CTLA4 expression by CD4Tregs are closely linked to the immune regulatory functions of these cells. Through expression of CD25, creating high-affinity IL-2R, CD4Tregs are able to sequester IL-2 from effector T cells and thereby limit the expansion of effector T cells in vivo. Similarly, CTLA4 expressed by CD4Tregs binds to CD80 and CD86 to antagonize costimulation of effector T cells through CD28 (59) (60) (61) . With prolonged treatment, increased expression of these functional molecules was detected in Helios -as well as Helios + CD4Tregs. Taken together, these changes suggest that prolonged lowdose IL-2 therapy results in significant changes in CD4Treg homeostasis that include all CD4Treg subsets. Although not shown, there was no evidence of activation of CD4Tcons or CD8 + T cells with extended IL-2 therapy. Nevertheless, prolonged low-dose IL-2 therapy also resulted in the gradual increase and normalization of CD4Tcon and CD8 + T cell counts and restoration of the normal balance between regulatory and effector T cell populations (30) .
Recent reports have suggested that low-dose IL-2 may promote immune tolerance in a wide variety of clinical settings in addition to GVHD (32-35, 38, 39, 62, 63) . The profound but highly selective immu-nologic effects of prolonged low-dose IL-2 therapy demonstrated in our studies support further clinical evaluation of this approach in various settings where selective enhancement of CD4Tregs may be needed to restore or maintain immune tolerance.
Methods
Patient characteristics. Laboratory studies were undertaken with blood samples from 14 adult patients with active chronic GVHD at the Dana-Farber Cancer Institute and the Brigham and Women's Hospital, Boston, Massachusetts, USA. Each patient was enrolled in a clinical protocol to define the efficacy of daily low-dose IL-2 for treatment of glucocorticoid-refractory chronic GVHD (30) . Recombinant IL-2 (aldesleukin, provided by Prometheus Laboratories) was administered subcutaneously once daily at a dose of 1.0 × 10 6 IU/m 2 for 12 weeks, followed by a 4-week hiatus. Previous immune-suppressive medications were continued during IL-2 therapy. All study patients completed 12 weeks of treatment. After a 4-week treatment hiatus, 8 patients who achieved a clinical response received extended IL-2 therapy at the same daily dose of IL-2. Clinical characteristics of these patients are summarized in Table 1 . The median age of the patients was 55 years (range 29-70). All patients had previously received peripheral blood stem cells (PBSCs) with standard immunosuppressive regimens for GVHD prophylaxis. Fifty percent of patients had a prior history of acute GVHD (grade 2-4). The median time from HSCT to initiation of IL-2 therapy was 636.5 days (range 271-1,950), and the median time from the onset of chronic GVHD to initiation of IL-2 therapy was 236.5 days (range 47-1,651). Ten patients (71.4%) were receiving more than 10 mg of prednisone when IL-2 therapy was started. Similar studies were also undertaken with blood samples from 5 healthy donors (median age 37 years; range 30-55; male/female, 3:2).
Sample preparation. PBMCs were isolated from freshly drawn blood samples by density gradient centrifugation (Ficoll-Paque PLUS; GE Healthcare). Freshly isolated PBMCs from healthy donors were immediately used for in vitro stimulation and antibody staining. PBMCs from patients were washed and cryopreserved in BAMBANKER (Lymphotech) before being analyzed.
Metal-tagged monoclonal antibodies. A panel of 33 metal-tagged monoclonal antibodies was used for analysis of healthy donor and patient PBMCs. A detailed listing of antibodies and corresponding metal tags is provided in Supplemental Table 1 . All preconjugated antibodies were purchased from Fluidigm. All other antibodies were purchased in carrier-protein-free PBS and conjugated with the respective metal isotope using the MaxPAR antibody conjugation kit (Fluidigm) according to the manufacturer's recommended protocol. Metal-labeled antibodies were diluted to 0.5 mg/ml in Candor PBS Antibody Stabilization solution (Candor Bioscience GmbH) for long-term storage at 4°C. In experiments where PBMCs from healthy donors were stimulated in vitro, fresh samples were processed and stained simultaneously. Patient samples were obtained at different time points after starting IL-2 therapy: baseline pretreatment; 1, 2, 4, 8, and 12 weeks during treatment; 4 weeks after discontinuation of IL-2 (16 weeks); and at 48 weeks in patients receiving extended IL-2 therapy. All samples from an individual patient were thawed and stained simultaneously. Therefore, all samples from a single in vitro stimulation experiment and all samples from an individual patient were processed identically to facilitate comparison across multiple samples.
In vitro stimulation of normal PBMCs with IL-2. To examine IL-2 signaling, freshly isolated PBMCs from healthy donors were stained with surface antibodies prior to in vitro stimulation with IL-2. After washing, cells were incubated in prewarmed PBS supplemented with 2% FBS for 15 minutes at 37°C with 5% CO 2 , and then stimulated with different concentrations of IL-2 for 15 minutes at 37°C. To halt signal transduction after stimulation, cells were immediately fixed with Cytofix Fixation Buffer and stained for intracel-lular markers as described above.
Mass cytometry analysis. Cells were analyzed on a CyTOF 2 mass cytometer (Fluidigm) at an event rate of approximately 500 cells/second. To normalize CyTOF data over different days, EQ Four Element Calibration Beads (Fluidigm) were added in all samples. Resulting data were analyzed with software available through Cytobank (www.cytobank.org). To remove debris and doublets, single cells were gated based on cell length and DNA content as described by Bendall et al. (41) . To interpret highdimensional single-cell data that were produced by mass cytometry, we used a visualization tool based on the viSNE algorithm, which allows visualization of high-dimensional cytometry data on a 2-dimensional map at single-cell resolution and preserve the nonlinearity (43) .
Statistics. Data were analyzed with GraphPad Prism version 6.01. The Wilcoxon signed-rank test was used to compare paired samples for continuous variables and expression levels of proteins between subpopulations and between 2 different time points. All tests were 2-sided at the significance level of 0.05 and multiple comparisons were not considered.
Study approval. Patients were enrolled in a phase 2 clinical trial designed to assess the efficacy, safety, and immunologic effects of daily low-dose IL-2 therapy in patients with active chronic GVHD (30) . Healthy stem cell donors were enrolled in a tissue-banking protocol for patients with hematologic malignancies and stem cell donors. Protocols were approved by the human subjects protection committee of the Dana-Farber/Harvard Cancer Center. Written informed consent was obtained from each patient and healthy donor before sample collection.
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